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{Subject to final revision for the Transactions^) 

A. H. Armstrong: In regard to the use of motor-generators 
or synchronous converters, the question seems to me to be one 
of voltage regulation. The requirements of a railway system fed 
from a general transmission system are best met as to first cost 
and efficiency of operation b y the adoption of the synchronous 
converter, and its almost universal use in railway installations 
wxmld seem to leave no room for argument. The requirements 
of a direct-current lighting load can also be best met b y the adop
tion of the synchronous converter, provided the distribution 
system is used for lighting only. Where, however, the distribu
tion system supplies a mixed lighting and railway load (or any 
other load occasioning extreme fluctuations) the lighting system 
should be fed through motor-generator sets in order to smooth 
out the effect of unavoidable voltage fluctuations. Taking this 
broad view of the situation, there is a well-defined field for 
both synchronous converters and motor-generator sets, the 
question of voltage regulation determining the choice of either 
type of apparatus. 

W . L. Waters: The reliability of operation of these differ
ent classes of machines is mainly a question of the care they 
get in operation. The induction motor is the only one that 
presents any disadvantages as regards actual construction of the 
machines. The small clearance between the rotor and stator 
with which these machines operate makes them more liable to 
mechanical troubles, and the small slots which it is necessary 
to use in the stator make it more difficult to make a satisfactory 
j o b of a high-voltage winding. 

On the question of flashing over, the synchronous converter is 
decidedly more sensitive than the direct-current generator. The 
fact that the alternating- and direct-current sides of the conver
ter are so intimately connected, combined with the fact 
that there is no armature reaction in such a machine to limit 
the current on short-circuit, make it peculiarly sensitive to sud
den fluctuations on one of the circuits. For carrying overloads, 
the converter is superior to the direct-current generator, but it 
will not stand short-circuits or violent fluctuations on either 
circuit so well. 

If voltage regulation is of importance, it is practically 
impossible to use a synchronous converter. Wi th a synchron
ous converter we are dependent for voltage regulation 
upon the voltage supplied on the alternating-current side. 
If the synchronous converter is the only machine on that 
particular line, then b y introducing artificial self-induc
tion into the line and putting a series winding on the mag
nets of the converter, we can compound the line and so 
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to a certain extent make the voltage change automatically 
with the load; but this means varying the power-factor of the 
converter and of the system within quite wide limits, and also 
that this change of voltage on the line affects all other apparatus 
on that line. The only other way of adjusting the voltage de
livered b y a converter is b y introducing some sort of an alterna
ting- or .direct-current voltage regulator or booster, which of 
course means extra complication, extra cost, and lower eftlciency. 

As regards corrective effect for power-factor, this can prac
tically be obtained only b y the use of asynchronous motor-genera
tor. On account of its low power-factor, an induction motor 
is very undesirable at the end of a transmission line and would 
not usually be considered unless it were possible to correct this 
low power-factor b y introducing a leading current into the line. 
This can only be done practically b y means of a synchronous 
motor . A synchronous converter can be made to introduce 
a leading current into the line, but this would mean varying 
the direct-current voltage and power-factor of the machine. 

In using a motor-generator at the end of a long transmission 
line, it would undoubtedly be necessary to employ transformers 
for lowering the voltage before delivering it to the synchronous 
motor . In this case the synchronous converter has a consider
able advantage in regard to eiliciency. The value of this dif
ference in efficiency has to be decided in each case b y the cost 
of producing the extra kilowatt-hours. In a steam plant where 
the cost of fuel is high, this may be quite important, but as 
most long-distance transmission lines are operated from water 
power the cost of producing the extra kilowatt-hours is quite 
small. Practically, the only bad effect of the lower efficiency is 
that it reduces the capacity of the power-house machinery 
somewhat. 

The relative cost depends a g o o d deal on the particular 
machine that we are considering. If we consider a 1500-kw., 
275-volt, 25-cycle machine, the synchronous converter would 
run at about 187 rev. per min., as this machine could 
not very well be built with less than 16 poles, while the 
motor-generator set could, b y using an interpolar design, be 
built to operate at a speed of 300 rev. per min. or even higher. 
In this case there would be practically no difference between 
the cost of a synchronous converter and that of a synchronous 
motor-generator set. The introduction of interpolar designs in 
large direct-current work makes the direct-current generator 
the equal, if not the superior,of the synchronous converter, at 
the same time it is not subject to the limitation that the speed is 
dependent upon the number of poles on account of the frequency. 

Referring to the question of starting. The induction motor-
generator set is undoubtedly the simplest. The synchronous 
motor-generator only differs from the induction motor-generator 
in that it is necessary to close the exciting circuit and to synchro
nize the machine after it is up to speed. The starting of a syn-
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chronous converter is considerably more complicated than 
that of a motor-generator. If the converter is compound wound, 
we have to short-circuit the series coils when starting from the 
direct-current side. Then we have to synchronize carefully, 
and an error in throwing the machine on the line is much more 
liable to do damage or cause a flash-over than in the case of a 
motor-generator, as there is nothing to limit the short-circuit 
currents that would flow. If we start from the alternating-
current side, we have to see that the polarity and voltage are cor
rect before we throw them on the direct-current line. Throwing 
a synchronous converter on the line is a more sensitive operation 
and one which is more liable to cause damage than the same opera
tion with the motor-generator, and in consequence the operator 
must be proportionately more skilful. 

Speaking generally from the operating standpoint, a motor-
generator is preferable to a synchronous converter in almost 
every respect, except as to efficiency and cost. And even as to 
cost a motor-generator is cheaper for low voltages and larger 
outputs, especially if the voltage on the transmission line is not 
over 15,000 volts, when the synchronous motor could be wound 
to take the high voltage direct. When comparatively cheap 
and medium-size units are wanted, and under conditions where 
close voltage regulation is unimportant, synchronous converters 
would be used; when large-size units are desired and when the 
voltage regulation and general flexibility are important, motor-
generators would be preferable. In situations where the ma
chines are to run with practically no attention, probably induc
tion motor generators would be perferable to synchronous 
motor-generators. But the fact that synchronous motors can 
be used to control the power-factor of the line is of such import
ance in long transmission lines that the engineer should adopt 
them wherever possible. 

H. G. Stott: In regard to Mr. Lincoln's comparison of the 
characteristics of motor-generator sets and synchronous convert
ers, m y own experience confirms his statements. During the 
initial period of the operation of a water-power plant, the voltage 
regulation was fairly good , but the speed regulation was poo r ; 
with these conditions, the synchronous converter gave the best 
results, but later, when the number of generators in service 
had been increased and the line regulation had become poorer, 
owing to the increased load, we had to resort to motor-generator 
sets, in order to obtain regulation suitable for lighting. 

In reference to the various methods of starting, it is desirable 
to remember that any method involving starting from the alter
nating-current side means a rush of current equal at least to 
full-load current, at a power-factor of less than 2 5 % ; whilst 
starting from a motor coupled to the shaft, or from the direct-
current side involves the use of only 4 % of the full-load current, 
at unity power-factor. The first, or purely alternating-current 
method, m a y cause a serious disturbance in the circuit, resulting 



1907] DISCUSSION AT NEW YORK 1531 

in hunting, and violent surges of current and voltage if the circuit 
is in a condition approximating resonance. 

Wi th the induction motor-generator set, however, another 
condition obtains, as when we start it from a separate motor or 
from the direct-current end, and after bringing it up to full, no-
load speed and throwing it on the line, there may be a rush of 
magnetizing current equal to more than 10 times full-load current. 
This is the same phenomenon as observed when throwing cur
rent into transformers, the value of the momentary current de
pending upon the point of the cycle at which contact is made, 
with relation to the point of the cycle at which the current was 
previously broken. With large induction motors, it is therefore 
necessary to introduce resistance or inductance at the moment 
of closing the circuit, but this resistance m a y be cut out again 
after a few seconds, as this enormous magnetizing current lasts 
only for a few alternations. 

Ralph D. Mershon: I cannot quite agree with Mr. Lincoln 
as to the relative reliability of motor-generator sets and synchron
ous converters. I have been closely associated with one in
stallation where power is supplied in part b y 60-cycle induc
tion motor-generator sets and in part b y 30-cycle converters. 
While there has been very little trouble due to either type of ma
chine, such trouble as there has been, is more chargeable to the 
converters than to the motor-generator sets, although there are a 
g o o d many more of the latter than of the former. This is in 
spite of the small air-gaps of the motors. W e have not had in 
the installation I refer to any trouble such as Mr. Stott speaks 
of in regard to throwing the induction motors on the line 
though this may be partly due to the higher frequency. I am 
quite sure that the company supplying the power would make 
it known if there had been much disturbance when the motor-
generator sets were thrown on the line. 

It seems to me that in Mr. Lincoln's introduction, and the 
discussion of it, there has not been enough stress put upon 
the fact that operation of the motor-generator set is largely 
independent of the line voltage which it receives, and that 
therefore it is very well adapted to operation on very long trans
mission lines, where the full-load voltage at the two ends of the 
line will differ widely. In some instances this difference of vol t 
age and the consequent variation between no load and full load 
of the voltage of the converters at the ends of the transmission line 
will not be a serious drawback. In other cases it may constitute 
a serious objection, and in any case it certainly is a very attractive 
condition of affairs to have along the transmission line motor-
generator sets whose operation will not be materially affected b y 
considerable variations of transmission line voltage this will 
apply to both induction motor-generator sets and synchronous 
motor-generator sets; but it is also a great advantage at times 
to have the equalizing effects which m a y be obtained from a 
separately excited synchronous motor in assisting to maintain 
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an approximately constant voltage on the transmission line. In 
general, in any engineering problem we must adopt the ap
paratus to the conditions to be met. Undoubtedly, where the 
converters can be used without serious disadvantage, there is a 
very great deal in their favor on the score of efficiency, and also 
on the score of first cost. I believe with Mr. Waters, however, 
that if some work were done in the matter of raising the 
speed of motor-generator sets the difference in cost would largely 
disappear. 

Charles W . Stone: It is simpler to insulate a generator coil 
than it is a high-voltage transformer coil, for the following reasons: 
The generator coil is usually small, and when insulated is usually 
quite stiff and rugged; whereas the transformer coil being com
paratively thin and quite wide and flat, making it very difficult 
to get an insulation which will be continuous and will not be 
subject to movement and consequent deterioration. 

When low-voltage taps on the transformers are used, the 
starting of converters is much simpler than the starting of a motor-
generator set. I have seen machines as large as 1500 kw. started 
from the alternating-current side and brought up to full speed 
within 40 seconds. This means, of course, a considerable rush 
of current, but shows that it is possible in cases of emergency to 
start a converter quickly; in fact, much more quickly than a 
motor-generator set of similar capacity. 

In regard to the number of hours that the different classes 
of machines would be out of service, due to defects inherent in 
the apparatus itself, I do not agree with the order given in 
the third page of the paper. I should place the synchronous 
converter first, next the synchronous motor-generator set, and 
next tfie induction motor set. I am basing the above conclusions 
upon a careful study of complaints which have been brought to m y 
attention, and which clearly indicate that there has been more 
trouble with the induction motor sets than with the synchronous 
motor sets. 

In regard to the relative efficiencies of the different com
binations, I would say that the author's table applies only to 
the 25-cycle synchronous converters, as the efficiencies of the 60-
cycle motor-generator set will approach very closely those of 
the converter sets. The 60-cycle converter will probably cost 
as much if not more than a motor-generator set. 

Mr. Lincoln says that induction motor-generator sets do not 
hunt. I cannot quite agree with this, as I have seen induction 
motor-generator sets hunt considerably under certain line con
ditions. . It is possible to make them hunt under test. 

The author says, that with the motor-generator set there are 
two machines to look after. That disadvantage is, I think, 
somewhat offset b y the fact that the converter has very 
large collector rings and brushes and heavy copper connections. 
I anticipate as much trouble with the collector rings and brushes 
as with the synchronous motor end of a motor-generator set. 
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Mr. Lincoln also says that the induction-motor end of a motor-
generator set has an entirely neutral effect on the line. I do 
not think that this is quite true; it has a very serious effect on 
the line, and that is in lowering the power-factor. 

Charles F. Scott: Mr. Lincoln's paper is excellent in that it 
gives a general survey of conditons pertaining to a given class 
of service. Very often engineers are apt to present a certain 
class of apparatus as the only one which is suitable; one man, 
for example, advocates the induction motor ; another, the syn
chronous motor , and still another cares for nothing with alterna
ting current in—it each maintaining that his class of apparatus 
is the one for all cases. A paper of this kind shows the wide 
field of conditions which exist, and shows that each of several 
kinds of apparatus may have its own proper place under certain 
conditions. 

The general conditions applying to the three classes of ap
paratus considered have been presented; the second step in the 
problem should be to determine the results of experience. Wha t 
has been the concrete experience with each these different classes 
of apparatus? Mr. Lincoln has given his opinion in a certain 
order of preference of the different classes of apparatus, and 
some others have expressed opinions reversing his order. If 
we could get from the operators of the several classes of apparatus 
their different experiences, it would give us some excellent data. 
For example, when we are told b y one gentleman that induction 
motor-generator sets give greater cause for complaint than other 
classes, it raises the question: If this is the case, why is it? 
The simplest kind of apparatus is the direct-current generator on 
the one hand and the induction motor on the other, but if, how
ever, these are not found in practice to give the best results, it 
will be interesting to know more in particular just why. 

Philip Torchio: I am willing to endorse all of Mr. Lincoln's 
conclusions as far as applied to existing moderately-high-tension 
voltage systems operating relatively short lines. I do not think 
it justifiable, however, b y actual experience to apply the same 
conclusions to the specific conditions of the paper, having special 
reference to long-distance transmission lines. In this case ex
perience with synchronous converters is very limited, and the 
author has pointed out two serious drawbacks which, in m y 
opinion, would in most cases preclude the use of converters. 
One of these drawbacks is the fact that converters fall out of step 
when the ohmic line drop exceeds a certain percentage, which 
is generally limited to ten per cent., and it seems to me that any 
momentary heavy short-circuit at the end of a long transmission 
line would be a menace to the continuous operation of the con
verters. The other drawback is due to the independence be
tween line-voltage fluctuations and direct-current voltage regu
lation. I am certain that with most of the lighting systems 
this fluctuation would prohibit the use of converters. I would 
even go a step further and state that with 25-cycle transmission 
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lines, frequency-changers of from 25 to 60 cycles should be in
stalled; not only for the reason of the higher frequency required 
for good incandescent lighting, but also on account of regulation. 

The question of variation of frequency can be remedied at 
the generating station, but it would be almost impossible to ex
pect the generating station to regulate the distributing volt
age with fluctuating loads on the line. 

P. M. Lincoln: Mr. Waters says that the synchronous con
verters would compound the whole line when compounding 
themselves. This is true to a certain extent only ; it is usual 
in operating converters to place in each individual converter 
circuit a rather high reactance which has largely the effect of 
making only the converter compound. Such, reactance has 
the further effect of answering the objection to the large amount 
of current that a converter would take when short-circuited; 
the reactance has the effect not only of making the converter 
compound, but also of limiting the current on the short-
circuits. Mr. Waters further says that efficiency is not a very 
important point, because water power doesn't cost anything. 
This is an easily answered argument. If power is being 
paid for, the power wasted has to be paid for as well 
as that used, and this applies whether the power is generated 
or bought . 

As to the contention that converter speeds are necessarily 
lower than those of motor-generator sets, I take exception 
to that statement. I dont see why converter speeds cannot be 
made as high as motor-generator speeds. 

T o the statement made in m y paper that the induction 
motor is neutral in its reaction on the line, objection is made 
that the induction motor is not neutral—that it is highly induc
tive. Closer reference to m y langage will show that m y point 
is that the induction motor is neutral so far as its capability of 
adjustment is concerned; it takes one position and stays there. 

Mr. Torchio intimated that trouble might be expected from 
converters where the ohmic line-drop was ten per cent, or more. 
I should like to raise that limit a little, to something nearer 
twenty per cent., I know of cases where converters have been 
successfully operated when the ohmic line-drop was considerably 
more than ten per cent. Also tests have been carried out which 
indicate that the converters can, under favorable conditons, 
be operated with an ohmic line-drop of twenty per cent., and 
possibly more. 

B . A. Behrend: I want to ask Mr Lincoln in regard to the 
subject of his paper why he has not included a 60-cycle converter 
in the list of machines out of service for a certain number of 
hours. H o w many hours would a 60-cycle, 600-volt synchronous 
converter be out of service ? 

P. M. Lincoln: I think it would depend entirely upon the 
time at which the converter was designed. The design of 60-
cycle converters has improved wonderfully during the last de-
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cade. If it were designed in the last three or four years, I should 
put it somewhere between the 25-cycle converter and the induc
tion motor-generator—say 12 hours. 

B, A. Behrend: There is another point on which I wish to ask 
Mr. Lincoln. I quote from his paper: 

However, with the modern construction of synchronous machines, 
including as they do heavy dampers, there is so little probability of hunt
ing that it may be entirely neglected. The only places in which hunting 
is apt to occur are in cases where antiquated generators are used and 
where the ohmic line-drop is very high. Neither of these is apt to occur 
in practice 

I am afraid that this statement is not altogether true. I am 
quite willing to state that hunting does not occur very often, but it 
does occur in some cases, and in such cases it is often very 
obdurate and it is difficult to account for the causes in a satis
factory manner. I should like to know why the ohmic drop 
has such considerable effect; it, of course, limits the overload 
capacity of the synchronous machine; it changes the character
istic frequency of the oscillation; and if there exist in the system 
somewhere forced perturbations of a given frequency, then there 
may be a resonance effect produced b y an increase in line resis
tance. But even this does not explain thoroughly why line 
resistance is made responsible for hunting. Mr. Lincoln's 
statement that hunting in modern synchronous machines can 
be neglected seems to me somewhat broad, although Mr. Lin
coln allows himself a loophole b y stating that this is the case only 
with modern generators and converters of a recent style with heavy 
dampers. I should like to ask Mr. Lincoln why he considers line 
resistance responsible for hunting? 

P. M. Lincoln: Hunting always means that the rotor of the 
machine that is hunting is departing from its true mean path— 
periodically ahead of and behind that path. The magnetic 
field which flows from the pole into the armature is shifting con
stantly from one side to the other of the pole. The way to pre
vent that is simply to put grid dampers upon the iron of the 
pole, and in that case if there is any tendency for the flux to shift 
across the pole face, large currents are set up in these dampers 
which oppose the shifting of the magnetic lines. 

The application of grid dampers, judging from the experience 
has been a complete cure for hunting—the exceptions being 
accounted for on high ohmic drops. 

B. A. Behrend: What is the effect of the ohmic drop in regard 
to hunting? 

P. M. Lincoln: I am unable to give you an exposition of the 
reasons at this time. W e have made experiments to determine the 
limits of ohmic resistance and have found that under favorable 
conditions the grid damper would prevent hunting with an ohmic 
drop as high as 2 0 % . The final limit may be even higher than 
this. 

J. R. C. Armstrong (by letter: I am in full accord with the 
conclusion stated in the last paragraph of the paper, to the 
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effect that, " there are but few cases where the motor-generator 
should be used in preference to the synchronous converter" 

I understand that the object of this paper is to determine 
which of the three devices—synchronous converters, motor-
generator sets with synchronous motors, or motor-generator 
sets with induction motors—is the best for transforming alterna
ting current into direct current, and, at the same time, maintain
ing a constant voltage on the direct-current bus-bars. 

It seems to me that the items " Parallel operation " and 
" Starting " should precede " Efficiency " and " Cost", as these 
factors are vital to the successful operation of a plant. 

Reliability, or continuity of operation is I think the most 
important condition to obtain, especially at times when the great
est demand is made upon the respective pieces of apparatus. 

I believe that undue prominence and stress has been laid on 
so called " bucking " or arcing over on the synchronous conver
ters. It is true that this occasionally happens, but in a well-
designed converter the percentage of trouble in a station due 
to this cause is very small. When bucking does occur, very 
little damage results to the converter, due to the highly developed 
protective switchboard apparatus installed on the alternating-
current and direct-current sides of the converter circuits. It 
is very seldom that a short-circuit on transmission lines, either 
on alternating-current or direct-current sides, causes the converter 
to arc over, due to the fact that the overload device on the break
ers will operate and thus clear the station bus-bars. A great 
deal of the trouble experienced in the operation of converters is 
due to the fact that the negative side of the circuit has been 
grounded and no attention has been paid to insulating the 
machine from the ground. It is readily seen that since there is 
a short distance between the commutator bars and the frame 
of the machine, there is only this short distance between the 
commutator bars and the ground when the frame of the machine 
is thoroughly grounded. Bucking due to this cause can be very 
easily obviated b y insulating the machine from the ground; in 
other words, installing it on insulating material that will not al
low an appreciable current to pass from the commutator bars 
to the frame. 

In m y opinion, the time assumed for the synchronous converter 
being out of service is too high. I think that this figure 
(10 hours) can be materially reduced. 

Voltage regulation. With regard to the statement in the paper 
on ' ' Variations in direct-current voltage with variations in in
coming line voltage and frequency." I do not believe that such 
great variations may be expected. Should large variations occur, 
it would be on an exclusively railway system where the fluctua
tions in direct-current voltage would not be a serious matter; 
whereas, where a steady direct-current voltage is required, 
as, for instance, in a lighting system, the period of fluctuations 
would be quite long, in fact long enough to allow the operator 
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in the generating station to change the field strength on the 
generator in order to hold the voltage more or less constant. 
This, I believe, would likewise apply to most systems composed 
of a combined lighting and railway load. Therefore, I believe 
that the synchronous converter compares favorably with the 
motor-generator set and not unfavorably, as mentioned in the 
paper, for operation under ordinary conditions. 

Parallel operation. In the present state of the art of design
ing synchronous motors and converters, I agree with the writer 
that " The synchronous motor and converter are on a par in 
regard to hunting". The question of hunting on the last two 
mentioned machines may be neglected. 

Starting. It might be mentioned in connection with the 
amount of current that these respective kinds of apparatus 
take from the line, that the induction-motor set is very bad in 
this respect. For in the case when a heavy draught of current 
is taken from the line, thereby setting up line disturbances, 
the induction motor-generator set is very conducive to this con
dition. 

When new and in good condition, the motor will require a 
considerable interval of time to bring the machine being started 
to synchronous speed before switching it on the line. This 
operation will sometimes take as much as five minutes. A 
much simpler and quicker method of starting, and one which 
does not draw a large amount of current from the line, is that of 
starting from the direct-current bus-bars of the station. This can 
be accomplished very simply, and no time is lost in waiting to get 
the machine at the exact frequency of the line. It can be done 
b y sectionalizing the field and connecting the field leads to a 
multiple-point switch that will introduce into the field circuit 
when opened a large amount of resistance, thereby largely re
ducing the normal current flowing in the field, and at the same 
time causing a very slight increase in voltage on the field windings. 
With this switch, a tripping device for the direct-current breaker 
can be operated and connected in such a way that the direct-
current breaker through which the machine is receiving its power 
can be tripped before the high resistance is thrown into the 
field circuit. A second contact can be attached to this switch 
for closing the alternating-current circuit on the converter; this 
operation following immediately the introducing of the high 
resistance into the field as above mentioned. It will be seen 
that in the one operation above outlined, three things are accom
plished; namely, the cutting off of the starting current, the intro
ducing of a large resistance into the field circuit; and the closing 
of the oil switch—all three operations following one another in 
the order named. Then the machine cuts in on the alterna
ting-current side when the armature is practically " floating", due 
to its own momentum, at approximately synchronous speed, and 
cut off from the direct-current source of power. 

After the above operation has been carried out, the high re
sistance is cut out of the field circuit b y closing the multiple-
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point switch and the machine is then ready for service. It 
will be seen that there can be very little strain or jar thrown on 
the armature in starting a machine b y the above method. Units 
of large size can be started b y this method b y the ordinary 
operator in one minute or less. Therefore, I cannot see why 
the more expensive methods as proposed in this paper for start
ing machines of the above mentioned type should be employed, 
except perhaps where one of the above methods might be in
stalled for starting one machine in case of emergency when no 
direct-current power was obtainable in the station. 

The above method of starting machines from the direct-current 
bus-bars is now employed in quite a number of sub-stations in 
New York where converters are installed. It has been giving 
entire satisfaction. 

In regard to cost of apparatus for starting, it might be men
tioned that the cost of installing a switch as described above is 
only nominal, compared with the cost of other types of starting 
apparatus. 

The advantages of the synchronous converter over the motor-
generator are very marked, especially with respect to reliability, 
which I believe to be the predominating feature. Further, 
there is a wider range of application of the synchronous con
verter than there is of the motor-generator. 

A. H. Babcock (by letter): A single qualifying clause should 
be added to the author's conclusions; that is, provided that 
the line frequency is not greater than 25 cycles. Experience 
on long lines in the West, especially where an extensive distribu
tion system is operated, shows plainly that synchronous convert
ers should be barred entirely where frequencies as high as 60 
cycles are used. 

For railway work, especially where the generating station dis
tribution is under one control, and the frequency can be made 
25 cycles or less, synchronous converters are to be preferred. 

For 1200-volt lines, the indications are that ordinary 600-volt 
generating apparatus operated in series will give satisfactory 
results, although there is no experience in this country, at the pre
sent time, on which to base a positive opinion. 

F. G. Baum (by letter): This paper assumes that 60-cycle 
converters are as satisfactory in operation as motor-generators. 
In any event, the author seems to have had in mind a 25-cycle 
system. 

Assume for example that a given district is to be supplied b y 
direct current at several points, also 60-cycle, 2300 to 10,000 
volts for light and power circuits from a 60-cycle power system. 
The substations feeding the light and power circuits are also 
to be used for the conversion from alternating to direct current. 

In this case, to the cost of the converter there must be added 
that of a bank of transformers and regulators to supply it; add also 
the losses of the transformers. This would bring the cost of 
the converters and transformers to about 8 0 % of that of the 
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motor-generator, and reduce the efficiency of the converter to 
about 9 0 % . 

The extra floor space for the transformers must also be con
sidered. Also the great advantage the motor-generator set has 
in regulation on the alternating-current side, as well as on the 
direct-current side. These advantages are of great importance, 
and, considered in the light of present experience with 60-cycle 
converters, the motor-generator would generally be selected 
for the conditions here assumed. The conditions here assumed 
are those generally prevailing, except where there is a special 
system for the railroad power. 

Ernest J. Berg (by letter): My judgment is that the syn
chronous converter is likely to play even a more prominent part 
in the future than at the present time. I quite agree with Mr. 
Lincoln in regard to the reliability of the converter as compared 
with the other types. 

Regarding the voltage regulation. I do not think it serious 
that the power-factor is affected b y automatic voltage regulation. 
Considerable control can be had with but slight change. 

In most long-distance transmission lines, considerable lagging 
current is not objectionable at light loads, because the charging 
current is larger than the lagging current, due to the induction 
load. In its control of voltage, the converter can be adjusted 
to take considerable lagging current at no load and practically 
none at full load. Therefore, the converter might advantage
ously be operated with such automatic control. In low-voltage 
transmissions, which however are outside of the scope of this 
paper, there would be some objections on this score. 

I quite agree with the conclusions given under the heading 
" Corrective effect " and also under the heading " Efficiency." 
The question of cost I can hardly pass upon, but I recollect 
some cases in which the cost of the synchronous converter with 
its transformer was practically the same as that of high-speed 
induction or synchronous motor-generators. 

Regarding parallel operation. My experience leads me to 
believe that a properly designed synchronous converter operating 
on a 25-cycle system can be made quite as stable as any synchron
ous motor-generator, even if the latter is equipped with various 
kinds of anti-hunting devices. 

Regarding the heading " Starting " . I consider that the three 
systems are practically on a par. Induction motor-generators 
will take about as much current as any of the others, if special 
starting devices are omitted. 

My conclusions, therefore, agree with those of Mr. Lincoln, 
that in most cases the synchronous converter offers advantages 
over the other two kinds of machine. I consider that in high-
potential transmissions where there is usually a leading watt
less current, the induction motor is preferable to the synchronous 
motor in every case. 

R . G. Black (by letter): This paper refers to matters that 
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interest not only the electrical engineer, but the operating man, 
the capitalist, and the customer. In m y opinion it is hard to 
consider the various heads under which the paper is discussed 
for both railroad work and lighting and power work, as what 
might be entirely satisfactory for railroad work might be other
wise for lighting and power work. From the point of reliability 
I would say that our experience leads us to differ with the writer 
of the paper as regards the motor-generator set, as generally 
designed, resuming operation automatically after temporary 
cessation of power supply; for if the speed should drop below 
50 per cent, it is very doubtful, with the load of incandescent 
lights, direct-current motors, etc., if the induction motor would 
resume speed without drawing sufficient current to trip the auto
matic alternating-current line circuit-breakers. However, with 
a specially designed coil-wound induction motor , so arranged 
either b y means of a centrifugal device or an electrical device 
automatically to put resistance in the rotor circuit, should the 
speed drop, say, 25 per cent, below normal, it is quite possible 
to arrange a motor-generator station so that the induction 
motors will automatically resume operation notwithstanding the 
direct-current load remains on. With motors arranged as above, 
I should be much inclined to place the induction motor-genera
tor set first on the list, with the 25-cycle synchronous converter 
second, with about the same number of hours as shown. 

Speaking generally, on every point except cost I should be in
clined to favor the specially arranged, coil-wound induction 
motor as being the most reliable, easiest operated, and least o b 
jectionable of the three classes of machines discussed. In the 
matter of cost there is no doubt but that the synchronous con
verter has the advantage, particularly if its overload capacity 
is taken into consideration, but unless the operating company 
controls the transmission company, or has an agreement with 
them whereby the variation in voltage is not excessive, the 
cost of a large enough induction regulator brings the cost of the 
converter, with transformers and regulator, very nearly equal 
to that of a motor-generator set for a given kilowatt capacity. 
If the induction motor sub-station is close enough to a terminal 
station so as not to make transformers necessary, it might in 
some instances be cheaper than the synchronous converter set. 

At one of the plants with which I have been affiliated, which 
is connected to a long-distance transmission system, arrange
ments are being made to purchase five 1500-h.p. induction 
motor-generator sets for lighting and power work in preference 
to synchronous converter sets or synchronous motor-generator 
sets, the idea being that they will be much more reliable, easier 
to operate, and more satisfactory in every way than either of 
the other types of machine. 

Edward P. Burch (by letter): The writer's experience is that 
60-cycle converters are not reliable. They are therefore unsatis
factory for 600-volt electric railway service. He would recom-
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mend the purchase of the higher price and lower efficiency 
synchronous motor-generators in place of 60-cycle, 600-volt 
converters. 

H. W . Buck (by letter): On a miscellaneous system of power 
transmission covering a large territory it becomes very difficult 
to adjust the voltage throughout the transmission network to 
suit everybody, where each customer is directly dependent on 
the line voltage at the point of delivery of the power. This con
dition becomes more pronounced as the length of transmission 
lines is increased. With a trunk line, say 200 miles in length, 
feeding branch lies here and there of considerable length, it is 
virtually impossible to maintain anything like a uniform po
tential on all parts of the system, nor is it possible to prevent 
wide fluctuations in the voltage at any given point. Sudden 
changes in load are inevitable, together with changes in phase re
lation. Such power systems should not be closely restricted 
in regard to line voltage regulation but should be free to deliver 
power, in the rough, so to speak, with voltage refinements 
made on the secondary distributing circuits. The power com
pany should be allowed a variation in line voltage of 2 0 % if 
necessary, or 1 0 % above and below a mean. Such fluctuations 
might not be objectionable for many classes of power work, but 
would, of course, be prohibitive on lighting circuits. It becomes 
necessary, therefore, under these conditions to have the vol
tage of the secondary distributing circuits rendered independ
ent of the line voltage, and motor-generators must be installed. 

It is true, as pointed out b y Mr. Lincoln, that frequency varia
tion with a motor-generator installation disturbs the distrib
uting generator vol tage; but on large transmission systems hav
ing a heavy and diversified load, as is usual, g o o d frequency 
regulation is not difficult. The loads on various portions of the 
system, and consequently the voltage at such points, may 
fluctuate widely, but in general the total resultant load at the 
main power house remains either practically constant or else 
changes so gradually that the governors can compensate for it 
with small change in generator speed. 

As to the comparison between induction and synchronous 
motor-generators, while the induction type has certain ad
vantages in starting, the synchronous type has other advantages 
of equal importance. In cases of momentary short-circuits 
on the system there will be a tendency for all the motor-
generators and converters to drop out of step, due to the con
sequent drop in voltage. In the induction type the torque 
drops as the square of the drop in voltage, and a heavily loaded 
induction moto r may therefore break down at a comparatively 
small reduction in impressed voltage. In the synchronous type, 
the field current of the motor being proportional to line fre
quency only, will remain constant under drops in line voltage, and 
will tend to keep up the voltage at the motor terminals, and 
maintain the torque. In this regard the converter has the same 
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characteristics as the induction motor, in that its field current 
falls with the voltage of the line. In the writer's experience the 
motor-generators of the synchronous type hold in step better 
under line short-circuits than either converters or induction 
motor-generators. 

The absolutely independent control of the voltage of the' 
distribution circuit possible with the motor-generator combina
tion affords many operating advantages, all of which cannot be 
listed on paper. The possibility of independent phase control 
with the synchronous type is of special advantage. On every 
alternating-current power system there must of necessity be 
many small induction motors in operation, and compensation 
for their low operating power-factor can only be obtained b y 
means of some large synchronous motors on the lines. The 
introduction of single-phase railways as customers on large 
power systems, with the low power-factors of their circuits, makes 
this corrective influence all the more demanded. 

0 . B. Coldwell (by letter): Mr. Lincoln places " Reliability 
of operation " at the head of the list of points to be considered 
when making a selection of the most suitable machine for the 
connecting link between the high-tension transmission line and 
the low-tension direct-current distributing system. Unquestion
ably this is the point of most importance to those entrusted with 
the operation of a plant using such apparatus. 

It has not been the experience of the writer that the converter 
has a decided advantage over a motor-generator set, on account 
of there being but one machine to get out of order rather than 
two. A converter is necessarily provided with slip-rings on the 
alternating end—six rings in the case of large converters—and 
even with the best of attention there will occasionally be trouble 
on this side of the machine. This feature is entirely absent 
in the motor-generator set. 

The induction set is driven b y a unit that, when once in opera
tion, has a decided tendency to remain so in spite of momentary 
disturbances on the high-tension system which would invariably 
cause the synchronous motor and the synchronous converter 
set to drop out of step. Due to the intimate relation existing 
between the alternating-current supply circuit and the direct-
current end of the converter—both being connected to the same 
set of armature windings—and to the fact that the sliding con
tacts on the alternating-current side are to be taken into account 
as well as the commutator , I should consider the converter as the 
least reliable machine when inherent defects in the apparatus 
are used as a basis of comparison. 

I should therefore revise the table of relative reliability due to 
defects inherent in the apparatus to read as fol lows: 

Induction motor-generator 10 
Synchronous motor-generator 14. 
25-cycle synchronous converter 17. 
I agree with Mr. Lincoln that it is an advantage to be able t o 
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control the voltage independently of the supply circuit. Un
doubtedly the converter is handicapped in this respect. In 
railway work this is not of such importance as in the case of 
lighting apparatus. 

As to the " corrective effect," the synchronous motor-genera
tor set is the only unit under consideration that can be used 
for the purpose and at the same time not surfer a disturbance 
of the direct-current voltage. Unless the " corrective " features 
of the synchronous motor and converter are applied intelligently, 
more harm than good may result. 

The synchronous converter is the best machine as re
gards efficiency. Mr. Lincoln's calculation is apt and shows very 
plainly the advantage enjoyed b y the converter in this respect. 

Regarding cost, the writer is of the opinion that 6 0 % is some
what low for the converters, as it is necessary to consider- the 
step-down transformers, the voltage regulators, the blower for air, 
cooled transformers, and the more expensive construction due 
to the necessity for an air chamber under the transformers. 

Parallel operation is equally good for all machines. 
The induction motor-generator set is the best as regards 

starting, as no synchronizing is required. In some of the larger 
sets, however, it is customary to start them on direct current 
and bring them to speed before connecting them to the supply 
circuit, thus avoiding any serious shock on throwing on the line. 

No mention is made of the use of half or one-third or two-
thirds taps for starting the converter on the alternating-current 
side. This is undoubtedly the quickest way of starting a con
verter and connecting it with the line. It is successfully 
used. 

The use of the storage-battery in central sub-stations where a 
large direct-current, low-tension lighting system is installed, as 
well as a direct-current railway system, for the purpose of 
acting as a relay on the alternating-current supply from long-dis
tance transmission lines, should in some cases have a bearing 
upon the selection of apparatus. In such case the battery 
could carry, during times of trouble, the low-tension system 
directly and the railway system indirectly, the transformer ma
chinery being operated inverted. 

While converters have been and are operated inverted, they 
are not so successful in this respect as the synchronous motor-
generator set. 

It is the writer's opinion that a selection of apparatus should 
be made only after a very careful study of all the operating 
features of the particular case in hand. It is quite possible that 
the best results could in some cases be obtained b y using both 
converters and motor-generator sets. A discussion of this 
particular feature should bring out some interesting points. 

W . R . C. Corson (by letter): The problem of determining 
the best method for converting alternating to direct current for 
any particular case must, of course, be largely dependent on the 
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governing conditions of supply and the purpose of the derived 
current. Mr. Lincoln's treatment of the subject, b y classifying 
the operating requirements of such apparatus, and noting the 
points of relative vantage which the several methods possess in 
each class, is an analysis which aids in a solution of the problem. 
But it is, after all, a problem which is not susceptible of a general 
solution. The several classes of operating requirements should 
be given differing relative values in considerations involving the 
choice of apparatus for differing purposes or conditions. The 
summary of Mr. Lincoln's paper, which seems to establish the 
preeminent excellence of the converter because it is found su
perior in a majority of counts, is, however, really of little assistance 
and serves only to establish an explanation for its present 
almost universal employment for the conversion of alternating 
to direct current. There are conditions of operation in which 
the synchronous converter falls behind its competitors in filling 
the essential requirements, and any conclusion that will help 
us in a limitation of these conditions will be useful. 

Under the head of reliability, the synchronous converter is 
given the highest award, because but a single machine is involved 
as against a unit of two machines. The conclusion would follow 
that the converter is therefore twice as reliable as any method 
of double conversion, were it not for the further numerical values 
for the relative reliability advanced b y the author. N o w the rela
tive reliability can hardly, it seems to me, be measured b y the 
number of hours that the apparatus would be out of service with
in a given time, even if we could all agree on a basis for estima
ting the probable hours of breakdown. A more reasonable val
uation of reliability would be the ratio of operating time to that 
of breakdown; but here again any exact assignment of values 
would be so much a matter of personal opinion that no definite 
conclusion could be reached. The mathematical chance of pure 
accident is greater in a unit of two machines than in a simpler 
apparatus, but reliability, from the practical viewpoint, should 
involve other considerations than the mere mathematical chance 
of accidents from unforeseeable causes. We must take the risk 
of accident, in this sense, in almost any responsibility we 
assume, and can rarely place a value on such risk. 

Reliability, for the purposes of this discussion, should cover 
the broader field of ability successfully to operate under adverse 
or abnormal conditions, and the weight attached to the measure 
of reliability, as thus defined, possessed b y any class of apparatus 
should be in proportion to the probable diversion from, normal 
of the conditions for which a selection is to be made. Reliability, 
in other words, should be understood as the possession of robust 
characteristics as opposed to those sensitive to adverse conditions. 

For general ability to withstand the hard knocks of fluctua
tions of voltage, frequency, or load, or of heavy overload, and 
to operate with a minimum of attention under all circumstances, 
the induction motor is without a peer. A direct-current genera-
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tor coupled to it to form conversion apparatus can be designed 
to possess the best characteristics of such a machine uncom-
promised b y the conditions imposed b y the alternating-current 
supply. From the point of view of reliability I should, therefore, 
place the induction motor-generator set in first place; the syn
chronous motor-generator in the second; with full appreciation 
of its merits under proper environment, I should give the syn
chronous converter the lowest mark of the three. 

The characteristics of the several types of converters as af
fecting the control or regulation of the direct-current voltage 
is considered b y Mr. Lincoln, and his conclusion that relative 
numerical values of merit should not be attempted on account 
of the variable conditions dictating a selection is correct. He 
points out one case in which the synchronous converter can not 
be used; as no case appears against the other types, perhaps in 
this particular group of characteristics the converter must also 
take last place. 

The corrective effect of the converting apparatus on the line 
is a matter of importance in the proportion which the capacity 
of that apparatus bears to the total load on the line. It is clearly 
shown in the paper that circumstances of control make this effect 
a desirable or undesirable characteristic. The induction motor-
generator, having no corrective effect, may be, therefore, in this 
count, either utterly worthless or preeminently excellent, but 
under either consideration the converter seems to have second 
place. 

In efficiency, the converter is undoubtedly the superior of 
either of the other types with which it is compared, and it is 
unquestionably its superiority in this respect which influences 
most largely its almost universal selection. It does not seem 
quite fair, however, to allow to the converter quite the measure 
of superiority credited b y Mr: Lincoln's figures for efficiency. 
These, I understand, are admittedly made on the assumption 
that the line voltage is " t oo high for a revolving machine and 
must be transformed before utilizing." This assumption is of 
a condition which is usually necessary to converter operation 
but b y no means so to that of its competitors. T o give them 
the benefit of the doubt, it would be fair to decrease the figure 
representing the economical superiority of the converter b y an 
amount determined b y the static transformer losses. If this 
were admitted, the relative economy of the different types would 
be represented b y the following values: 

The first cost of a synchronous converter installation is much 
less than that of the other types, but again the cost of step-
down transformers, and usually of additional switching equip
ment, should be included with that of the converter itself in the 
comparison. 

Synchronous converter 
Synchronous motor-generator 
Induction motor-generator . . . 

91 
85 
84 
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The parallel operation of all types of machine under con
sideration can be accomplished successfully under normal con
ditions. Under certain abnormal conditions, however, either 
type of synchronous apparatus is more sensitive than the in
duction motor-generator. 

In starting characteristics, Mr. Lincoln's analysis places the 
induction motor-generator set at the head of the list, the syn
chronous converter second, and the synchronous motor-generator 
last. The reasons for this rating appear sufficiently obvious. 

In his summary, Mr. Lincoln concludes that as the synchronous 
converter excels in his analysis in counts 1, 4, and 5 and is 
practically at par with the best in count 7, there would seem to be 
" but few cases where the motor-generator should be used in 
preference to the synchronous converter. ' ' From m y rating of 
the characteristics of the types considered, it appears that in 
counts 1, 2, 3, 6 and 7 a form of motor-generator is inherently 
superior to the converter, while only in counts 4 and 5 does 
the converter take unconditionally the first place. But counts 
4 and 5 are usually factors of prime importance in the choice 
of apparatus, and the characteristics required b y the other counts 
are possessed in sufficient degree b y the converter. The con
clusion is undoubtedly true, then, that but comparatively few 
cases exist where it should not be used. In fact the conclusion 
is so obvious that this discussion would be of little value, did it 
not, as it does, indicate b y its analysis the conditions which would 
determine the selection of other apparatus in these few cases. 

Where the synchronous converter is but one portion of an 
electrical system designed, installed, and maintained as a whole, 
for the particular purpose of the direct-current supply, the con
ditions most suitable for converter operation will be provided. 
The frequency, voltage, regulation, etc. will be selected with 
particular reference to the purpose of the conversion, and the 
control of all apparatus will be subject to one management, 
or at any rate to a common interest. In installations of this 
character, reliability of performance, adjustment of voltage, 
corrective effect on line, etc. will be maintained within the limi
tations of converter characteristics b y the provisions of the en
tire system, and the manifest economy and low cost of such 
machine will secure its selection. 

On the other hand, where the purpose of the conversion is 
merely incidental to the general purposes of the whole system, 
conditions less favorable to converter characteristics are more 
prevalent, and problems of selection will arise. In such cases, 
independence of purpose of demand and supply may often be 
best served b y the electrical independence of the machine utiliz
ing the supply and that supplying the demand. 

So far as any general conclusions may be drawn from a discus
sion of this character, therefore, I would advance the proposition 
that the criterion of utility of either of the conversion methods 
considered lies in the degree of communi ty which the purpose 
of the supply bears to that of the demand. 
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Henry Floy (by letter): It must be borne in mind that Mr. 
Lincoln's conclusions are very general and m a y not apply to any 
particular or individual case. A paper of this character is so fre
quently accepted as conclusive and universal application at
tempted, that I desire to show how unsuited these general con
clusions may be in some cases. For example, it is practically 
impossible to use a converter, without storage-battery, to supply 
satisfactory lighting service at the end of a long transmission 
line that also serves alternating-current motors carrying large fluc
tuating loads, because the motor load will disturb the alter
nating voltage which directly affects the direct-current voltage. 
A motor-generator would therefore be necessary, regardless 
of the general conclusions, or the advantages claimed for the 
converter. Again, if the voltage of the transmission circuit were 
not so high as to prohibit the use of motor-generator sets with
out step-down transformers, a considerable investment, always 
necessary with a converter installation, would be saved. 

Under the item of " cost " it seems to me that Mr. Lincoln 
has not clearly indicated the relative investment necessary, 
because the converter must be provided with some voltage-
control apparatus that, from the comparative figures given, 
do not seem to be included in Mr. Lincoln's costs; moreover, 
if a motor-generator can be used without transformers, the con
verter installation with transformers and regulators will usually 
make the total converter cost higher than that of the motor-
generator. 

In a section where lighting is troublesome, I believe an in
duction motor-generator will be found much more satisfactory 
than a synchronous motor or a converter, because the induction 
motor will frequently pick up its load again without the shut
down of the other machines that will ordinarily result from the 
short-circuit caused b y a lightning flash. 

I do not agree with Mr. Lincoln in regard to the reliability 
of the different types of machines, for although the converter is 
but a single unit, it is twice as liable to some causes of break
down as either a motor or a generator, because it is connected 
to two circuits—on its alternating and its direct end—and would 
therefore suffer, for example, from lightning coming in through 
either circuit. 

Clarence E. Gifford (by letter): It goes without saying that 
insulation of apparatus operated from a motor-generator can 
not suffer directly from " surges " on the line from which power 
is supplied to the motor . 

It is equally true that direct-current apparatus operated from 
converters often has its insulation subjected to very severe 
strains b y such surges, especially surges that arise from momen
tary grounding of one of the lines of the supply system. 

I t will be readily seen h o w such a ground, or a permanent one, 
were it permitted to remain, may, and generally does cause a 
strain between the earth and any conductor connected with 
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the secondary winding of a transformer supplied from a system 
upon which such ground occurs, or with any portion of a trans
former or successive series of transformers which are operated 
b y current received from said secondary. And this condition 
does not necessarily imply any change in voltage between the 
primary lines, one of which is grounded, although a change 
would doubtless occur. 

The surge is transmitted through a transformer or series of 
transformers in the same manner as through a condenser; or 
in case of a ground of more than momentary existence, the 
entire secondary system would have its insulation from earth 
subjected to a series of strains recurring with the same 
frequency as that of the current. The primary and second
ary windings of a transformer would in this case correspond 
to the plates of a condenser, and the action is not likely, in 
most cases, to be greatly modified b y the core, unless it be well 
grounded. 

Numerous experiences prove that the strain between earth 
and a direct current 220-volt system operated from a converter 
receiving power from a 22,000-volt system through three step-
down transformations, often rises momentarily, when no preven
tive measures are adopted, to thousands of volts, and at a season 
of the year when the power company cannot say " lightning." 
In one instance two direct-current motors grounded at the same 
instant that the power company lost a cable, and from appear
ances one not familiar with such occurrences or with the cir
cumstances would certainly have pronounced it the work of 
lightning. Incidentally, it is interesting to note the inventive 
faculty displayed b y the " experts " of some power companies 
in assigning any cause but the true one for these expensive 
occurrences. 

The best protection against such effects that the writer 
has found, and it has proved remarkably satisfactory in a trial 
extending over many months, is to place at various points in 
the direct-current system, notably near the converter, near the 
extremities of long trolleys and near stationary motors, car
borundum resistances of 1000 to 1200 ohms (for a 220-volt 
system) bridged between the lines and having the center well 
grounded. 

Ordinary resistance rods of a resistance of 250 to 300 ohms, 
such as used in lightning arresters serve well. Each one m a y 
have terminals of No. 10 or No. 12 copper wire attached 
b y winding the wire once or twice round the copper plated 
terminal of the rod, twisting it down tightly and soldering it b y 
dipping. The resistance of each, in ohms, is then determined 
marked upon it plainly with paint. 

They are then sorted and made up in series of four, with all 
joints soldered, in such manner that the resistance between the 
center and one extremity of any series does not differ from that 
between the center and the other extremity of the same series 
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b y more than two or three ohms. A n y other style of leakage 
devices used for the same purpose must of course be practically 
non-inductive, rugged, and so proportioned that when a dead 
ground occurs on one side of the local system the current flowing 
through the device shall be just safely be low a point that would 
injure the device or its connections. 

As before noted, the best protection for any local system operated 
from long-distance lines, is likely to be secured b y distributing 
a number of such leakages at points where theory and experience 
indicate the greatest need. Unless the current value of a surge 
exceeds the ordinary, the potential between the system thus 
protected and the earth will not rise to a dangerous point. 

As an indication of this fact, one plant in mind required five 
to eight new lamps per month for a ground detector, the lamps 
receiving normally only one-half full voltage, and this was not 
due to ordinary grounds on the system. 

Since leakages, as described, have been provided, the detector 
lamps escape destruction, and crane operators cease to fear 
being knocked nearly senseless, as has occurred in the past, 
but the most noticeable result is the great decrease in number 
and seriousness of motor troubles. 

W m . B . Jackson (by letter): Under the list of " points " 
which are considered in the paper, it seems to me that the sub
ject of " Parallel operation " should either be omitted entirely 
and considered as being covered b y the subject " Reliability1, or 
that it should be placed second in the list. Without perfect 
parallel operation " Reliability" as considered in the paper 
would be of little value. 

1. Reliability. In this matter I take direct issue with some 
of the statements made in the paper. It is true that the 
the synchronous converter comprises but one machine, but it 
it is equally true that this machine is the weakest brother in the 
entire family of alternating-current and direct-current ma
chinery. It is formed from a combination of a revolving 
armature alternating-current synchronous motor which, con
sidered as an alternator, is no longer an acceptable piece of 
machinery, and of a direct-current generator which has been 
designed, not as the best possible direct-current generator, but as 
the best generator that can be made a component part of a 
synchronous converter. 

The argument against the motor-generator set on account 
of pressure and insulation would be more nearly correct if 
reversed, for there can be no reason for using a higher voltage 
on the alternating-current side of a motor-generator set, unless 
it has evident advantage over the lower pressure. Further
more, a first-class stationary armature induction or synchronous 
motor can be safely insulated for several times the pressure 
that can be employed in a synchronous converter armature 
with equal safety. 
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Although, as stated in the paper, the fault of " buck
ing " is not one of very serious moment in present day prac
tice, yet this fault can be eliminated with greater ease 
and certainty in a simply direct-current dynamo than in one 
which must also work in with an alternating-current frequency 
of even 25 cycles, and this fact is emphasized if 60 cycles is 
considered. 

2. Voltage regulation. I am unable fully to agree with the 
conclusions arrived at under this heading. I do not con
sider that, " All methods under discussion are e q u a l " for 
" automatic change in voltage with change in load " for the 
reason that the automatic results that can be obtained 
in the synchronous converters are dependent upon various 
extraneous conditions, while such results are obtained in 
motor-generator sets with the same simplicity as in any direct-
current dynamo, for the direct-current side of the machine, 
and in the synchronous motor-generator set very effective reg
ulation on the alternating-current side can be obtained with 
simplicity and without interaction with the direct-current 
operation of the machine. 

In considering the " ability to adjust the initial voltage " it-
is impossible to accept the statement that the introduction of 
an alternating-current booster on the converter shaft is a more 
" logical arrangement so far as initial voltage is concerned 
than the motor-generator." Such an arrangement with its 
regulating rheostat and switches certainly does not constitute 
so logical an arrangement for voltage regulation as a simple 
rheostat in the field of a direct-current generator. 

In considering " variations in direct-current voltage with 
variations in incoming line voltage and frequency " I agree in 
general with the conclusions arrived at, though I consider 
that too much relative importance has been given to the difficul
ties arising from variable frequency. In most up-to-date 
transmission plants where the " line voltage is too high for a 
revolving machine and must be transformed before utilizing", 
the problem of maintaining uniform frequency has been solved, 
though this cannot be said as regards the problem of uniform 
delivered voltage. 

Under " Corrective effect " m y views agree with those ex
pressed in the paper, though it -should be added that in the 
case of almost all high-tension transmission plants there is 
direct telephone connection between the power house and all 
sub-stations containing current-transforming apparatus. A s 
these sub-stations usually require continual attendance, they 
thus become a valuable adjunct of the transmission system, 
and especially so if synchronous motor-generator sets are used 
therein. 

4. Efficiency. There appears to be an error in computing 
the additional value of synchronous converters as com
pared with motor-generator sets, when considered simply from 
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the standpoint of relative efficiency. The capitalization of the 
saving due to the higher efficiency of the synchronous con
verter is made upon a basis of 6 per cent, while in fact 10 per 
cent, is the least figure that should be used in this con
nection. This would be upon the basis of 5 per cent, interest 
upon the money involved and of 5 per cent, for depreciation or 
sinking fund. 

There are some factors that enter into this consideration which 
have advantageous bearing upon the motor-generator set, and 
have not been considered in the paper. In sub-stations supply
ing mixed service, uniform step-down transforming apparatus 
can frequently be used for all classes of service when motor-
generators are employed, while two ratios of transformation 
must be used if synchronous converters. are operated. Also, 
in the case of very large converter units, the handling of the 
great quantity of alternating current at from 350 to 450 volts 
which is required is sometimes a factor of considerable import
ance. 

There are also cases where, even for plants of the class here 
considered, an extra set of transformers must be provided for 
synchronous converters that would properly be omitted in the 
case of motor-generator sets. Such a condition is presented 
where the high transmission voltage must be reduced at the out
skirts of a ci ty to permit of carrying the current into the dis
tributing stations located in the city. 

5. Cost. Under this heading the same additional considera
tions that are presented under " Efficiency " should be taken 
into account to arrive at a fair analysis of the relative import
ance of synchronous converters and motor-generator sets, when 
considered from a broad point of view. 

6. Parallel operation. Although it is true that troubles from 
imperfect paralleling qualities are not of frequent occurrence in 
up-to-date transforming machinery, yet the motor-generator 
sets have the advantage. In fact during those times when un
ending troubles seem to come upon the operating superintendent 
in a bunch, as they sometimes do in the best regulated plants, the 
synchronous converters are usually the first to show signs of dis
tress, and this is especially true in plants of higher frequencies, 
while motor-generator sets are not so prone to crankiness. In 
motor-generator sets, troubles arising in the direct-current side of 
the system cannot have magnetic or electrical effects upon the 
alternating-current side, nor can troubles arising in the alternat
ing-current side have such effect upon the direct-current side. 
This cannot be said of synchronous converters. 

7. Starting. The question of starting has been well pre
sented, but considering that an error in starting is likely 
to cause vital trouble in the synchronous converter on ac
count of its commutator and collector rings, and also that 
the revolving-field synchronous motor properly connected to 
a high-class direct-current generator is a more robust piece 
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of apparatus to withstand synchronizing mistakes, it does 
not seem fair that the synchronous converter should be placed 
ahead of the synchronous motor-generator set as regards starting 
qualities. 

Summary. In the foregoing, I have more particularly con
sidered the advantageous qualities of the motor-generator set, 
as it had seemed to me that the advantageous features of the 
synchronous converter have been very fully presented in the 
paper. There has been no thought of belittling the field of 
usefulness of the synchronous converter. A t the same time, 
I do not feel that the phrase in the " Summary" " that 
there are but few cases where the motor-generator should be used 
in preference to the synchronous converter " should go unchal
lenged. In fact, there are large appropriate fields of usefulness 
for both the motor-generator set and the synchronous converter, 
though it is fair to admit that the conditions will doubtless 
warrant a greater number of synchronous converters than of 
motor-generator sets being put into service. 

R. S. Kelsch (by letter): The writer has used both motor-
generators and synchronous converters. There can be no 
rule which makes one better than the other. Local con
ditions, class of service, number of units, and the characteristics 
or nature of the system from which they are operated entirely 
govern the advisability of using one or the other. 

Farley Osgood (by letter): W e are operating ten converters 
driven b y current from our power station and transmitted 
about 60 miles at 33,000 volts at a frequency of 60 cycles. 
Four of these converters are 30 miles, three are 45 miles, and 
three are about 60 miles from the power station, and are placed 
in three different sub-stations, and, at times, all operated 
together. 

These being 60-cycle machines, I presume they are the most 
sensitive type of synchronous converter in use. W e find that 
these machines are very reliable, and, generally speaking, the 
interruptions to service are caused b y the flashing-over at the 
brushes on the commutator . These machines have been in 
service for three years. 

The first year's experience with the converters brought them 
into ill repute as regards reliability; but a careful study of the 
situation showed that the real difficulty was the lack of voltage 
regulation on the generating end. Regulation conditions were 
bettered b y means of the water-wheel governors, and the in
stallation of a voltage regulator. Since the correcting of the 
voltage regulation, or during the last year and a half, the ten 
converters have thrown themselves out of service less than ten 
times, giving an average of better than once per year per con
verter. I think this is as good a record of running as can be 
shown b y any other type of machine driven from a source of 
power of high voltage and used for railway work. 

These machines are 430 volts on the alternating-current side, 
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and furnish 600-volt current on the direct-current side. They 
are connected with the high-tension system of 33,000 volts b y 
means of a step-down transformer with a reactance coil in series 
between the transformer and converter. 

Our experience shows that converters with bad voltage regu
lation on the alternating-current side are the worst things an 
operator can have; but with good voltage regulation, which with 
existing regulating appliances is wholly possible, the converter is 
entirely satisfactory and preferable to the other two types of 
machines under discussion. 

Our experience with the converter also brings out the fact 
that although a sudden rise of 10 per cent, of the voltage from 
the generating source is liable to make the converter flash-over, 
a very great drop in the generating voltage may occur without 
affecting the converter. 

Three times we have had a generator oil-switch stick so that 
the machine was thrown in and out of service several times in 
rapid succession, and so disturbed the line voltage as to lower 
it on- the indicating voltmeter from 110 to about 65, and yet on 
none of these occasions were the 60-cycle converters thrown out 
of step so that they went out. 

Concerning the " Corrective effectWhen the load of our 
system is so arranged that the power and lighting load is carried 
on one transmission line, and the railway load on the other; in 
other words, when there are only induction machines on one line, 
we have materially to increase the voltage on this line in order to 
bring about any satisfactory power-factor. In mixed service 
work, therefore, the converter will help the voltage at the gener
ating end b y bringing about a more satisfactory power-factor. 
W e find that an induction load only will perhaps require an in
crease in potential of from three to five per cent, at the generating 
end, but b y placing converters with the induction motors satis
factory results are obtained on the receiving end without this 
increase in potential, This is simply an actual operating con
dition mentioned to bear out a well-known theoretical supposi
tion. 

Concerning " Efficiency ". The experience on the system 
here, which carries converters at three sub-stations at a total 
transmission length of 60 miles, shows that with the proper 
arrangement of load we can obtain the power-factor as indicated 
b y Mr. Lincoln; namely, 95 per cent. 

Concerning " Parallel operation 77. W e find no difficulty in 
operating our 60-cycle converters in parallel, not only with each 
other in the same sub-station, but in parallel with other con
verters in other sub-stations. A t first the converters did not all 
appear to be of equal efficiency; it was found, however, merely 
to be a matter of adjustment, the large apparent differences of 
efficiency being easily done away with 

One noticeable feature in a converter, which, however, is 
probably a well-known fact, is that the different phases of any 
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one converter will not require the same amount of current, and 
that the various phase requirements vary. 

As we use single-phase recording watt-hour meters to measure 
the current taken b y the converters, we can very easily observe the 
current requirements of each phase of the machine. Often the 
meter will change its speed in favor of another phase of the con
verter sufficiently to be observed b y a man watching the meter 
discs. The daily record of consumption taken from these 
meters shows swings from one phase to another from one day to 
another. 

In summing up these discussions, I would say that I would 
not recommend any type of machine other than a converter for 
railway work from a high-tension source of power. 

John C. Parker (by letter): The writer has been much in
terested in the particular phase of voltage regulation that bears 
on the distribution of load between various machines and be
tween systems fed b y distant hydroelectric generating stations 
on the alternating-current lines and engine-driven or local hy
draulic plants on the direct-current lines. 

In any large works or city distribution, it is customary to 
generate at a high voltage, 2500 to 11,000 volts, and distribute 
b y means of this voltage to various sub-centers, where trans
formation to either the railway or light and power circuits is 
effected. The motor-generator set possesses, in such a case, one 
decided advantage over the more ordinary form of synchronous 
converter, in that the load taken on b y any one station may 
be varied b y manipulating the field excitation of the generator 
without influencing the power-factor of the alternating-current 
lines, and vice versa. Thus, during a period of maximum 
activity in any one section of the distribution system, the direct 
current voltage may be depressed, causing more distant sub-
centers to feed into and relieve this particular district b y 
means of the direct-current network, whereas with synchronous 
converters the tendency is for the converter nearest the con
centrated load to assume increasingly greater proportions of 
the load until its automatic apparatus cuts it out of service. 
Of course, the inherent regulation of the converter can be made 
so bad as to give a strong drooping characteristic even at a g o o d 
pow rer-factor, but this is evidently at the expense of the copper 
efficiency and leads to voltage variations which are manifestly 
objectionable—especially on lighting systems. With the motor-
generator set, the load fluctuation can be guarded against and 
the direct-current voltage regulation at the same time kept 
reasonably near what it should be, b y designing the generator 
so that the voltage will progressively rise with increasing loads, 
until at any desired load point it begins to drop and thence 
rapidly decrease to a value be low the no-load voltage, thereby 
causing current to flow in from distant transformation points 
which may be less heavily loaded. 

Inasmuch as hydraulically generated power must be sold on 
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what is in all cases the equivalent of a peak-load basis, we 
often find installations in which 24-hour power is received from 
a distant hydroelectric plant and is supplemented, on the peak, 
b y a local steam generating plant. In such a case the vagaries 
in the transmission voltage or momentary peaks in the load 
demanded on the direct-current system may result in a heavy 
overload in the alternating-current transmission. A few of 
these peak overloads will heavily affect the consumer's bill. 
Here again the synchronous converter suffers a disadvantage 
that cannot be obviated otherwise than b y juggling with the 
power-factor, which is manifestly prejudicial to the distribution 
system. A motor-generator set having a slightly rising voltage 
characteristic on the generator up to normal load, followed by a 
rapid droop, tends to take a more nearly constant load. Such 
characteristics are additionally important when the voltage 
regulation of the steam-driven local plant is bad. 

It should be pointed out that the alternating-current booster or 
induction regulator referred to under caption two of Mr. Lincoln's 
paper, permits the application of automatic relays to the system 
for accomplishing such load control, and indeed permits a more 
direct regulation of load than can be obtained with motor-
generator sets. On the other hand, this introduces additional 
elements of unreliability into the system, one of which, the relay, 
is especially delicate, while the induction regulator must be very 
substantially designed if it is to stand up under the severe treat
ment to which it is subjected. It is obvious that neither of these 
methods permits so nearly instantaneous operation in the divi
sion of load as does a motor-generator. 

The elements of relative efficiency and cost would seem to 
be a function, more or less, of the specific voltage used in distri
buting to the various transformation units. If, for example, 
it were necessary to use such a subsidiary distributing voltage 
as 2500 or 11000 volts for works distribution, or for entrance to 
and distribution underground in a city, the element of transform
ing cost would be eliminated in the case of the synchronous or 
induction motor-generator which might operate directly at 
either of the voltages mentioned, while additional transform
ing equipment would have to be used with the synchronous con
verters. In all probability, this would still leave somewhat of 
a margin in both the matter of efficiency and of cost in favor of 
the synchronous converter, but probably not a very large margin. 
If in addition, an alternating-current booster or induction regula
tor were installed, the efficiency and cost, as well as the reliability 
of the converter, would suffer somewhat additionally. The com
plexity of the equipment would also be materially increased. 
The writer is inclined to feel that a distributing system of 2500 
volts would show a worse case for the synchronous converter 
than would a distribution voltage of 11,000, inasmuch as this 
higher voltage would react much more prejudicially on the 
cost, efficiency, and reliability of the synchronous motor than 
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it would on the transformers which would probably—following 
the modern practice—be made oil-insulated for this voltage. 

In a number of cases a material advantage accrues to the motor-
generator set from the less room it occupies as against the syn
chronous converter, step-down transformer, and—if this feature 
were included—the alternating booster or induction regulator. 
Whether this and a few other elements mentioned would throw 
the balance one way or the other between the two types of ap
paratus, would seem to be a question controlled b y the special 
considerations in any given installation, such as the size of units 
and voltage on the distributing alternating-current transmission 
system. 

H. F. Parshall (by letter): The synchronous converter is 
the more advantageous machine to use when the conditions of 
transmission and distribution are such that the ratio between 
direct-current and alternating-current voltage is more or less 
fixed. When the line drop is considerable, and a constant 
or increasing direct-current voltage, according to load, has to 
be maintained, the synchronous converter is at a disadvantage. 
When however, the reverse is the case, the synchronous converter 
has the advantages of higher efficiency, less first cost, and, in 
favorable cases, greater capacity for extreme overload. The 
motor-converter stands in an intermediate position between 
the motor-generator and the synchronous converter. It has not 
the flexibility of the motor-generator in the matter of voltage 
transformation and has not the high efficiency of the synchron
ous converter. Now that the development of computating 
machines for high speeds to suit the requirements of turbo-
machines, is assuming a satisfactory status, it appears very 
reasonable to suppose that, in most classes of long-distance trans
mission, the balance of advantages will lie in the use of motor-
generator sets. In other cases, however, where the ratio of 
transformation can, from the nature of things, remain more 
or less constant, the balance of advantages will lie with the'syn
chronous converter, so far as efficiency and first cost are concerned. 

A. C. Pratt (by letter: While Mr. Lincoln's analysis of vari
ous means of obtaining direct current from transmitted alterna
ting current is fairly stated, it must be born in mind that the 
choice of a proper medium will depend largely on the governing 
conditions of the particular installation. In all systems re
liability is essential. While 25-cycle converters are satisfactory, 
60-cycle converters may be termed successful. But they are 
not always a comfort to the operating engineer and are certainly 
more apt to develop internal troubles or go out of step when 
slightly unfavorable conditions arise, than are induction or even 
synchronous motor-generators. 

In the operation of converters there seems good reason for 
providing separate motor-driven exciters, in which case voltage 
fluctuations not accompanied b y change of speed will have much 
less effect on the operation. 
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In many long transmission systems voltage regulation or 
corrective effect, singly or together, are the governing conditions 
when designing a sub-station. If converters are used, either 
one of these features may be provided for with reasonable success; 
but it is b y no means easy to cover both at once in such a way 
as not to affect other branches of the system unfavorably. 

A poor power-factor in the transmission system may readily 
cause a greater drop in over-all efficiency than the difference 
between the efficiency of converters and motor-generators, pro
vided the latter results in a good power-factor in the system. 
The ideal system transmits power current on ly ; the idle current 
needed at various consuming points is generated at these points; 
permitting less capacity in generators, transformers, and 
transmision line, and better regulation at the consumer's end. 
The synchronous-motor generator in large size units with a 
motor of unusually ample size offers means of attaining closely 
the ideal system. 

Steadiness of speed is usually much better maintained than 
steadiness of voltage on a transmission system; therefore the 
generator of a synchronous motor-generator set will regulate 
well, and a first-class regulator applied to the exciter of the motor 
will afford the corrective effect for the alternating system. Under 
these conditions, alternating-current lighting and direct-current 
railroad load can often be supplied from the same bus-bars 
with excellent results. It must be borne in mind that the syn
chronous motor-generator requires slightly more intelligent 
supervision than induction motor-generators, but not more than 
the converter. For best results, therefore, the synchronous 
motor should be used under immediate supervision of the trans
mission company. 

Another i tem for consideration is the character of the direct-
current load as regards inertia effects. Some loads, like light
ing, store no energy, while some motor-driven loads store a large 
amount of energy when coming up to speed. Assuming a load 
of the latter type, supplied from induction motor-generators, 
and a momentary short-circuit cleared b y time-limit circuit-
breakers on some one feeder out of the sub-station. During the 
short-circuit the induction motors will slow down much more 
than will the generators at the power station. The sudden re
moval of the short-circuit will cause a sudden rise of voltage, 
which in turn will cause a rush of current to the induction motors ; 
these, hampered b y large inertia, will very likely trip their 
breakers before attaining normal speed, or the speed will have 
dropped so low that the motor torque is reduced to a point 
be low full-load torque, in which case there is little probabili ty 
of recovering the load. 

Under the same conditions, if the short-circuit is not too severe, 
a synchronous motor having a high " pull out " torque will stay 
in step and hold its load. This observation applies also with 
especial force to induction motors, of relatively low " pull out " 
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characteristic loaded with heavy shafting or air compressors, 
in which case the load torque is not reduced as speed is reduced. 
The same motors would show entirely different results when 
driving centrifugal pumps. 

Leo Schiiler (by letter): It may be interesting to discuss the 
subject of this paper from the European point of view, as there 
is so distinct a difference between American and European prac
tice. I dare say that on this side of the Atlantic the number of 
converters in operation does not exceed one-tenth the number of 
motor-generators, while I think that in the United States the 
opposite ratio may safely be assumed. As a matter of fact, I 
do not consider the author's conclusions, which are generally 
in favor of the converter, to be quite impartial, and for the follow
ing reasons: 

I see no reason to assume " a somewhat variable frequency." 
Governors for all kinds of prime movers can certainly be obtained 
so as to keep the speed constant within one or two per cent, and 
with proper care variations of frequency of more than one per 
cent., can certainly be avoided. We may therefore safely as
sume a virtually constant frequency. 

The author assumes " the line voltage to be too high for a 
revolving machine." this means more than about 15,000 volts ; 
as such voltages are only employed in long transmission lines, 
it seems only fair to assume further that a considerable drop of 
pressure takes place on the line, say 20-25 per cent. It should 
be well understood, that with a lower pressure the comparison 
would be more in favor of motor-generators, as static transform
ers could be avoided. 

1. Reliability. I do not understand why " with the motor-
generator, other conditions may dictate a very much higher 
motor-vol tage," as static transformers are distinctly specified. 

It is true that under normal conditions the possibility of 
" bucking " is about equal with 25-cycle converters and direct-
current generators. It must be kept in mind, however, that 
the sparkless running of the commutator in a generator depends 
only upon the direct current taken from it, while in a converter 
it is also affected b y the conditions of the alternating-current 
system. The 60-cycle, 600-volt converter has necessarily such 
a high pressure between adjacent commutator segments that 
it must be set quite at the other end of the reliability list. 

As I consider the synchronous-motor to be a little more 
reliable than the induction-motor, in consequence of larger 
air-gap, I should figure the reliability to be about as fol lows: 

25-cycle synchronous converter \ ^ hours 
Synchronous motor-generator j 
Induction motor-generator 14 hours. 
60-cycle synchronous converter 25 hours. 

2. Voltage regulation. There can be no doubt but that the direct-
current voltage supplied by a motor-generator depends only 
upon the direct current taken from it, while in the case of a con-
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verter it is greatly affected b y the alternating-current voltage. 
It must certainly be assumed that the alternating-current 

voltage supplied to a sub-station b y a long transmission line is 
variable, not only in consequence of the variable power consumed 
in this individual sub-station, but it also affected b y other sub
stations, staiting of motors, working of lightning-arresters etc. in 
any other point of the system. As the effect of all compound
ing arrangements, with or without reactance or boosters, is 
based on the magnetizing effect of the direct current taken from 
the converter, they certainly will not respond to independent 
fluctuations of the alternating-current voltage. It is therefore 
impossible with converters to obtain automatically a constant 
direct-current voltage with a variable alternating-current vol tage; 
this reason alone, I think, simply forbids the use of converters 
for lighting purposes in connection with long transmission 
lines. 

Summary. As the converter has certainly a distinct advan
tage with regard to efficiency and costs, while there is practically 
no difference with regard to starting, I would summarize as 
follows : 

For 25-cycles, railway or other motor circuits, converters are 
always preferable. For 60-cycles, motor-generators are more 
reliable and should be adopted if costs and efficiency are not 
prohibitive, especially if the primary pressure is low enough 
to allow omission of static transformers. 

For lighting circuits, converters are applicable only if the 
alternating voltage itself is sufficiently constant for lighting 
purposes. 

Carl Schwartz (by letter): General. Synchronous converters 
are extensively used where three-phase alternating current of 
high potential and a frequency of 25 cycles is to be transformed 
into direct current. For the other higher standard frequency 
of 60 cycles, this type of machine is not nearly so satisfactory in 
operation as a motor-generator. As reliability is of prime 
importance, particularly in long-distance transmission, and as 
a synchronous or induction motor-generator is much more reli
able, the converter does not need to be further considered in 
case of this or similar high frequency. 

Mr. Lincoln clearly and briefly enumerates the various ad
vantages and disadvantages of the three types, but on ac
count of the great amount of detail to be considered it is im
possible to balance the characteristics of the different construc
tions entirely against each other without taking specific cases; 
therefore the choice of one type or the other will always be 
governed b y the prevailing conditions. If this were not the 
case, the choice could be left to the purchasing agent instead 
of to the engineer. 

The following suggestions are offered to illustrate that a some
what different point of view may change some features of one type 
to the advantage of the other. 
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Reliability. Mr. Lincoln considers the converter the most 
reliable machine, quoting as an advantage that there is only one 
machine instead of two , and that a l ow alternating current 
voltage has to be applied. As it is assumed that in both cases 
step-down transformers are t o be used, there seems to be no 
reason for applying an unsafely high voltage in case of a motor-
generator; in this respect, then, both types should be considered 
equal, inasmuch as the voltage for a motor-generator could be 
much higher than for the converter, without impairing its safety 
b e y o n d the comparable limit. The chances of a breakdown 
m a y seem twice as great, because the motor-generator contains 
t w o rotors and t w o stators, while a converter has only one 
armature, and one set of field coils. The machines are, however, 
practically alike otherwise, assuming that the motor-generator 
has two bearings only. If the case warrants, spare armatures 
and field coils can be kept in stock, minimizing the consequences 
of a break-down. 

A n induction motor is less affected b y line troubles than either 
of the other t w o constructions; on a long line this moto r is most 
undesirable, and in figuring on this type of machine, the increased 
investment in copper or capitalized line losses should be charged 
against it. 

Voltage regulation. With reference to voltage regulation, the 
converter is at a serious disadvantage. Boosters, potential 
regulators, or other devices in connection with the converter 
are undesirable additions, and influence items 1, 4 and 5, and, 
to a certain extent, i tem 3, in favor of the motor-generator. 
These complications were apparently not taken into account 
when comparing the machines in regard tor eliability, efficiency, 
and cost. The efficiency of the converter will be decreased 
b y from one or two per cent., .and its cost increased b y from ten 
to twenty per cent., so in trying to make the converter equal to 
a motor-generator in regard to voltage regulation, its advantages 
may be counterbalanced to a large extent. . 

Efficiency. In considering the additional costs of current 
for the motor-generator * against converter, inclusive of the 
regulator, and assuming an efficiency of 8 5 % and 9 1 % respec
tively, the following is submitted: 

A low efficiency increases the direct operating expenses in 
coal, water, wages, etc., but not the fixed charges, as the power 
station will hardly be built larger on account of a slightly lower 
efficiency of transforming-devices. The cost of current per 
kilowatt-hour can therefore be estimated perhaps closer t o one-
half than one cent., decreasing the annual additional costs for 
current in case of the motor-generator to about $950. In 
capitalizing this amount, depreciation and other fixed charges 
should be included, for the reason that if the amount capitalized 
is invested in equipment it will have to be treated like other 
portions of the system. 

Using 1 0 % to coven all fixed charges, the annual extra costs 
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for current represent an investment of $9500, or $19.00 per 
kilowatt capacity. The exact amount will depend on local and 
other conditions, and the difference m a y be still lower ; for 
instance, in case of a water-power plant, or if the operating 
costs should otherwise be lower than five cents. 

In most instances it will be almost impossible for the engi
neer to decide definitely which type of machine should be 
selected, before bids have been obtained, based upon specifica
tions, outlining carefully all requirements, and leaving r o o m for 
the manufacturer to specify the characteristics of the equipment 
he is able to offer. 

Guido Semenza (by letter): The only point not put forward 
in this paper is, perhaps, the one excluded b y the assumption 
" that the line-voltage is too high for a revolving machine and 
must be transformed before utilizing." This is often not the case, 
at least in Europe, where synchronous motors wound for 12,000 
volts are in regular operation. Some firms would not hesitate 
to construct them for still higher voltages. 

In such cases the cost of installation, the floor space occupied, 
the switching apparatus, and the efficiency of the motor -
generator set are not very different from those of a converter with 
its transformers. Thus for primary voltages up to 8000 volts , 
in view of its other advantages, the motor-generator is gen
erally preferred. 

In Europe the use of converters is not so general as in the 
United States. This machine has been highly perfected in 
America, and its advantages have been only lately acknowledged 
on the old continent. Then again, for countries where hydraulic 
power is available, and long-distance transmission is the rule, 
there are special reasons for the preference being given to 
motor-generators, as I shall t ry to explain. 

In the matter of power transmission and distribution many 
differences exist between one plant and another. W e have, 
for instance, power plants of the type of the New Y o r k Edison 
Company's, in which the alternating current generated is mainly 
converted to direct current in a number of sub-stations belonging 
to the same company . The alternating voltage is then very 
carefully controled in the power house, in order to obtain the 
best direct-current regulation, and all systems used in the dif
ferent sub-stations to control the voltage are there working in the 
best condition. 

Assume, for example, a long-distance power transmission, say 
100 miles long , f rom a waterfall. Consider that the power is 
sold in the neighborhood of the station, at the end of the line, 
and along the line. Suppose further, that there is a steam 
station working in parallel for overcoming the winter peak. W e 
see that these conditions are quite different from those of the 
first instance, and voltage regulation cannot be done except 
to take care of the converter sub-stations. 

In such a type of plant, rather c o m m o n in Europe, converters 
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can be put in for railway work, but it would not be very easy 
to obtain a g o o d direct-current lighting service. In such cases 
motor-generators are preferred. 

In plants of the above kind, the " corrective ef fec t" of syn
chronous machinery, if any be used, is very important in order 
to correct the low power-factor given b y induction motors . 
Wha t Mr. Lincoln says on this point is quite right: it is much 
easier to control the corrective effect with synchronous motors 
than with converters in which the corrective effect and direct 
current are interdependent. I would let customers use syn
chronous motors, and I would not allow them to use converters 
on a somewhat complicated distribution plant, as they would only 
take care of their direct-current regulation without paying any 
attention to the power-factor. 

Another matter in connection with long-distance trans
mission is the parallel running. It is well known that when the 
ohmic resistance of the line is t o o high, also g o o d synchronous 
machines are apt to hunt and sometimes to such a degree as to 
get out of step. This is an extreme condit ion, but a certain 
amount of hunting m a y easily occur. 

It is also known that b y adjusting the excitation this hunting 
may be reduced. It is evident that in these condit ions the 
motor-generator offers a great advantage, as this regulation 
can be done without affecting the direct voltage. 

All these considerations show that the problem proposed 
cannot be solved in a general w a y : there are condit ions in which 
the converter is, no doubt , the best adapted machine; there are 
others in which only a motor-generator ought to be used, and others 
also in which the use of either is equally as good . 

On the comparison of synchronous versus induction motors , 
I must say that for driving-current dynamos the synchronous 
motor is, in a general way, for many reasons preferable. It 
is not always true that after a momentary*removal of the vol t 
age from its terminals the induction motor will resume operation 
automatically: if it is well loaded it will often shut down and 
cause its own circuit-breaker t o open when the voltage is re
stored. 

The use of induction motors has to be resorted to only in case 
starting from the direct-current side is not possible. W h e n 
starting on the alternating-current side causes t o o much 
trouble, and in the case of very long transmission lines where 
some difficulties are experienced with parallel running. 

B . C. Shipman (by let ter) : Reliability. If reliability were 
the sole requirement of the problem, the induction motor -
generator would, in m y opinion, be the best transforming ap
paratus to use. Mr. Lincoln states n o defects under this head 
against the induction motor-generator, except that higher 
voltages than 700 on the motor m a y be required b y certain 
conditions. If the choice were between synchronous converters 
and induction motor-generators on the ground of reliability 
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alone, certainly whatever voltage was available for a synchron
ous converter would also be available for the induction motor-
generator. Therefore there would be no advantage on this 
point for either piece of apparatus. Of course it might be 
much more desirable to use a higher voltage, and the induction 
motor-generator would lend itself readily to this condit ion. 
Even so, I think the latter apparatus would still be on a par 
with the synchronous converter, as it is much more easily in
sulated and less susceptible t o injury than a commutat ing ma
chine. 

The strong point of the induction motor-generator is pointed 
out in the paper; namely, automatic resumption of operation 
after an interruption to the service. All the weak points of 
the synchronous converter, however, are not covered. Syn
chronizing takes more or less t ime, certainly more than it takes 
to get an induction moto r on the line, and it has t o be done 
more frequently. " B u c k i n g " of a synchronous converter 
also takes place more frequently than of a similar direct-current 
generator, for several reasons aside from the sudden removal 
of load. " Pumping" , or even sudden aperiodic changes of 
speed in the prime movers , will cause a synchronous converter 
to "buck" . In such cases there is a shifting of the field similar 
to that caused b y the sudden removal of load. A synchronous 
converter, is also more often reversed b y bucking than is a direct-
current generator; hence its greater tendency to bucking counts 
considerably against its reliability as compared with a similar 
direct-current machine. Therefore I would change the num
bers given in Mr. Lincoln 's paper showing the relative amounts 
of time the respective machines are out of service, as fo l lows: 

Induction motor-generator 10 
25-cycle synchronous converter 14 
Synchronous motor-generator 17 

Voltage regulation and corrective effect. I concur in all the 
author's remarks under these heads. I have noted excellent 
regulation of direct-current voltage 'from a synchronous con
verter equipped with an induction regulator, when supplied 
from generators whose other load was street railways. 

Parallel operation. Of course with similar units, parallel 
operation presents no difficulties or disadvantages of [one type 
over another. Sometimes, however, if a synchronous converter 
or a synchronous motor-generator is operated in parallel with 
an induction motor-generator, there is trouble in making the 
units divide the load properly throughout the full range. As
suming a constant frequency and voltage, the induction motor -
generator will have to be compounded decidedly more than the 
direct-current end of either synchronous unit. A variable fre
quency or voltage, or both , will interfere with any fixed adjust
ment, so that under the conditions laid down in the paper 
under discussion, hand regulation would probably be necessary 
to effect g o o d distribution of load between units. 
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Summary. In general, I agree with the author that in the 
majori ty of cases with conditions under discussion, the syn
chronous converter has the advantage. 

Miles Walker (by let ter): I am interested in Mr. Lincoln 's 
paper on account of the discussion which has recently taken 
place in England between the advocates of the converter on the 
one hand, and the advocates of the motor-generator and the 
cascade motor-converter on the other. 

It is mainly in the case of 50-cycle and 40 cycle-transmissions 
that difference of opinion exists as to the merits of the various 
types of machines. In the case of 25-cycle transmission the 
superiority of the converter for most purposes is generally ad
mitted. 

The Bruce Peebles-La Cour cascade motor-converter is n o w 
much used in England for transforming 50-cycle alternating 
power into direct-current power. On the other hand, the 50-
cycle converter is also widely used, and the excellent perform
ance and great stability of modern designs are fast overcoming 
the prejudice which existed in England against high-frequency 
synchronous converters. 

In most cases where the matter is discussed in England, it 
is not permissible to assume that the line voltage is t o o high 
for a revolving machine and must be transformed before utiliz
ing, because generally the line voltage is only 6,600 or 11,000, 
and with motor-generators the use of transformers is obviated. 
Notwithstanding this advantage in favor of motor-generators 
and m o t o r converters, it can generally be shown that the use 
of transformers and converters is preferable on account bo th 
of reliability and economy. 

Reliability. The risk of breakdown of a converter and its 
transformers is less than that of a motor-generator set. If 
one transformer out of three breaks down, it is possible t o run 
with only two , and it is easy t o substitute a spare transformer. 
It takes a l o n g time to rewind a motor-converter . 

I have seen a 50-cycle converter take six times full-load 
current momentari ly without u bucking or getting out of step, 
so it cannot be said that it is a delicate machine. It will not, 
however, stand a dead short-circuit. 

I know of a case where three 1000-kw. 40-cycle converters 
have been installed for electrolytic work where continuity of 
service is of vital importance, because in case of a shutdown 
some hundreds of cells of molten electrolyte have to be refilled 
from a furnace at enormous cost. The plant has n o w been in 
operation six months without any failure on the part of the con
verters, although some motor-generators alongside of them 
have already been out of service more than the 17 hours al
lotted to them b y Mr. Lincoln. 

Voltage regulation. I agree with what Mr. Lincoln says in this 
division of the subject. The method of introducing self-induc
tion into the transformers is applicable to most cases where a 
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range of only 1 0 % is required in the adjustment of the direct 
voltage. The power-factor on load need not be varied 
more than between the limits of 9 5 % lagging and 9 5 % leading 
current. In many cases the required adjustment is only 5 % 
and the power-factor need not depart more than one or t w o per 
cent from unity. Very few users object to a leading power-
factor, particularly at heavy loads. 

Corrective effect. I agree with what Mr. Lincoln says in this 
division of the subject. 

Efficiency. In dealing with this matter in England, we have 
generally to consider the losses in the transformers as well as in 
the converters, because these are in competi t ion .with cascade 
motor-converter sets on which very high efficiencies are guaran
teed ( 9 3 % on the 500-kw. size). 

The converter and transformers are however still ahead in 
efficiency. It is safe to guarantee 9 4 % on the 500-kw., 500-volt 
rating for the over-all efficiency of the converter and trans
formers and this without rating up the converter so high as to 
spoil the overload guarantees. 

A well-designed 50-cycle converter can take very heavy over
loads without commutat ion or heating troubles. It is there
fore safe to keep it loaded to the full in cases where it would 
not be advisable to keep motor-generators fully loaded on ac
count of fear of sudden demands for power, so that in taking 
the all-day efficiency of a converter, it is fair to take the efficiency 
at a higher percentage of the load than with a motor-generator. 
Here is a case in point : at a certain sub-station belong
ing to the North Eastern Rai lway Company the load fluctuates 
between almost zero and 1600 kw. A load of 1200 to 1600 kw. 
lasts at times for about one minute. The whole of this load is 
taken b y one 800-kw., 40-cycle converter. Compare the ef
ficiency of this sub-station with what it would be if the converter 
were replaced by , say, two 500-kw^ motor-generators. 

J. B. Whitehead (by let ter) : Under the author's assumption 
that transformers are used with all three types of machine, his 
conclusions appear reasonable. Attent ion m a y be directed, 
however, to the many instances of moderate transmission dis
tance and voltage in which it is possible to apply the line vol t
age directly to either type of motor-generator, but to the con
verter only through the medium of transformers. The relative 
position of the motor-generator under such circumstances is 
bettered, not only as to reliability, but also as to efficiency and 
cost. Considering reliability, this improvement would be greater 
in the case of overhead than in the underground transmission in 
cities. The figure for the efficiency of transformer and converter 
becomes about 9 1 % , the figures for the motor-generators 
remaining the same. The relative cost will n o w be approxi
mately: converter and transformers 8 2 % , motor-generators 
100%. In many instances these differences m a y be sufficient 
to outweigh the more general choice of the converter, and in
dicate the motor-generator as the proper machine. 


